It is shown that the giant low surface brightness galaxies (GLSBs), characterized by a large but diffuse disc component, can result from ordinary spiral galaxies through dynamical evolution. Numerical simulations indicate that the formation of a bar in a gravitationally unstable disc with high surface density induces non-circular motions and radial mixing of disc matter, leading to the flattening of the disc density profile. The resulting decrease in the disc central surface brightness is ,1.5 magnitude, while the disc scalelength is nearly doubled, transforming a typical high surface brightness galaxy to a GSLB. This scenario seems promising especially for the GSLBs possessing a significant bulge, which are difficult to incorporate into the traditional Hubble sequence. Namely, because this disc transmutation can operate even if a moderate bulge component exists, the GSLBs with a bulge are argued to have resulted from the high surface brightness galaxies which had already possessed a bulge. The current picture naturally explains other observed characteristics of the GSLBs as well, including the propensity for having grand-design spiral arms and a bar, a high incidence of active nuclei, and galaxy environments.
I N T R O D U C T I O N
The recent finding of a large population of low surface brightness (LSB) galaxies seems to require a fundamental revision of our understanding of galaxy formation and evolution. The majority of LSB galaxies are disc-dominated systems with relatively small size and luminosity (Schombert et al. 1992 ). There is a systematic trend among high surface brightness (HSB) galaxies that the central surface brightness of the disc, along with the galaxy luminosity and size, decreases as the galaxy becomes of a later Hubble type. Therefore, the disc-dominated LSB galaxies can be interpreted as extremely late-type galaxies. Indeed, these galaxies constitute a smooth extension beyond late HSB galaxies (,Sc) on the surface brightness versus morphological type diagram and overlap partly Sd and Sm galaxies (de Blok, van der Hulst & Bothun 1995) .
As the observational data accumulated, it has become noticeable that some LSB galaxies (including Malin objects) have an unusually large size (Impey & Bothun 1989; Sprayberry et al. 1995) . These giant LSB galaxies (GLSBs) often have a significant bulge component (Sprayberry et al. 1995) . Origins of these objects are not yet understood unlike disc-dominated LSBs whose structural properties could be ascribed to large angular momentum and small mass of their progenitors (Dalcanton, Spergel & Summers 1997) . Especially, the bulge-dominated GLSBs are difficult to put in the traditional Hubble sequence unlike the ordinary (i.e., disc-dominated and small) LSB galaxies. They have a much fainter disc in terms of the central surface brightness than HSB spirals having a bulge of similar luminosity, and seem to violate the broad correlation of the bulge dominance and disc surface brightness. Hoffman, Silk & Wise (1992) argued that rare (,3s) massive galaxies in underdense regions of the Universe (such as voids) will have normal bulges surrounded by low surface density discs. However, GLSBs seem not to prefer voids but to inhabit similar environments to HSB galaxies (Sprayberry et al. 1995) .
I propose in this paper that the GLSBs are the product of the global redistribution of the disc matter which took place in an originally HSB galaxy. The most promising redistribution mechanism is a large scale bar resulting from disc instability, and numerical simulations are described which demonstrate that the radial transport of matter caused by the bar gravitational torque is capable of reducing the disc central surface brightness to the level observed in actual GLSBs. Because this process can operate in the presence of an appreciable bulge, the GLSBs possessing a bulge are explained as descendants of the HSB galaxies with a bulge. The scenario is also confronted with other observational characteristics of GLSBs.
Section 2 describes the numerical methods and the galaxy models used in this paper. The results of the numerical simulations are given in Section 3. Discussion is given in Section 4, while Section 5 summarizes the results.
The numerical simulations trace the evolution of a disc galaxy which is in dynamical equilibrium initially. Here, the total mass, M, and radius, R, of the galaxy are set to be unity, so that the dynamical time of the galaxy, t d ¼ ðR 3 /GMÞ 1=2 ¼ 1, with the gravitational constant G ¼ 1. If scaled to a typical spiral galaxy of M , 1:5 Â 10 11 M ( and R , 15 kpc, t d , 0:75 Â 10 8 yr. The galaxy consists of a halo, a stellar disc and a bulge, the mass of each component being M h , M d and M b , respectively. The halo, the stellar disc and the bulge are constructed by 10 000, 30 000 and 19 985 collision-less particles respectively.
The stellar disc has an exponential surface density distribution with a scalelength of 0.25. The bulge has a de Vaucouleur's r 1/4 -law profile with an effective radius of R b . This component is constructed as a dynamically equilibrium system in a separate simulation in the same manner as that in Hernquist (1993) and later introduced in the galaxy model as described below. The halo is supported by isotropic Maxwellian random motions, the velocity dispersion of which is chosen as follows. First, for the specified halo volume density profile, the isotropical velocity dispersion at each radius is calculated so that the condition for 'local virial equilibrium' is satisfied everywhere (see Noguchi 1991 for details) . Then this velocity dispersion was multiplied by a factor of 0.65 and given to halo particles in order to reduce the number of escaping particles. In order to obtain an equilibrium state, only the halo component is evolved for 15.6 dynamical times with the disc component fixed in the beginning. After the halo is relaxed, the bulge is introduced. In this process, the mass of each halo particle is reduced by the same amount so that both the total galaxy mass and the mass fraction of the disc remain unchanged (i.e., the halo is partly replaced by the bulge). Then both the halo and bulge are relaxed while the disc is still frozen. After these two components reach near equilibrium, the disc is activated. The gravitational force acting on each disc particle is calculated and the circular velocity is given to that particle so that the centrifugal force is balanced with the gravity. Small random velocities are given to disc particles, so that Q parameter of Toomre (1964) is 1.5 everywhere.
All the simulated models are listed in Table 1 . Kinematical properties and halo density profiles of the initial condition are shown in Fig. 1 . In running simulations, the gravitational forces between all the particles are calculated by the TREE code which is identical to the version given in Barnes & Hut (1986) . The softening length 1 ¼ 0:04, 0.02 and 0.004 for halo, disc and bulge particles, respectively. In Models A, B and C, the opening angle in the TREE code is set to be u ¼ 0:8, and the time step of integrating the equation of motion is set to be dt ¼ 0:005. In order to check the numerical accuracy, Models A, B and C are run also with u ¼ 0:5 and dt ¼ 0:0075. These models are denoted Models A 0 , B 0 and C 0 , respectively.
R E S U LT S
The morphological evolution of Model A is depicted in Fig. 2 . This model has a steeply rising rotation curve initially owing to mainly the presence of a massive bulge ( Fig. 1) , as observed in early-type HSB spirals (Rubin et al. 1985) . The bulge prevents the relatively massive disc in this model from being strongly unstable, and a bar develops very slowly. However, the resulting bar appears to be a robust feature lasting for more than 2 Gyr at least (i.e., until the end of the simulation).
The surface density profile for the disc component is given in Fig. 3 for a very early epoch and the final epoch, in which major morphological change has almost ceased. It is seen that the initially one-component disc evolves into a two-component system having two different exponential scalelengths (see also Hohl 1971) . Indeed, a double exponential profile used by Beijersbergen, de Blok & van der Hulst (1999) to fit his sample galaxies can describe the model Figure 2 . Morphological evolution of the disc of Model A projected on to the disc plane. In this surface density map for the disc component, successive contours are spaced by density difference of factor 2. The coordinates are given in units of the initial disc radius, and the time in units of the dynamical time is indicated above each panel. The disc rotates counterclockwise. Figure 3 . Surface density distribution of the disc as a function of the distance from the galactic centre, r (given in units of the initial disc radius). The filled circles connected by a solid line give the surface density, averaged azimuthally in each radial bin, in units of magnitude. Namely, the ordinate is log 2.512 S(r ) plus an arbitrary constant, where S(r ) is the surface density at r. Two epochs, t ¼ 3 (a very early state) and t ¼ 60 (in units of the dynamical time), are shown. The best fit to the density profile by a double-exponential function is given by the dotted and dashed lines. Two solid lines indicate the surface density profiles along the major and minor bar axes. The right panel shows the analytical profile of the bulge (solid line) as well as actual profiles at t ¼ 3 (crosses) and t ¼ 60 (filled circles). Formation of GLSBs through disc instabilityprofile very well. The inner component with the smaller scalelength might be regarded as a bulge. However, because this decomposition is based on the azimuthally averaged profile made from the projected (face-on) density distribution, it is not clear if the central component really constitutes a three-dimensional configuration resembling actual bulges. In order to examine this point, I constructed surface density profiles along the major and minor axes of the bar, as shown by solid lines in Fig. 3 . It is evident from these two curves that the inner component has a highly elongated shape with a major-to-minor axial ratio larger than ,2 and is regarded simply as an inner part of the bar rather than an independent bulge component. In the followings, I regard the outer component with the larger scalelength as the disc, following Beijersbergen et al. (1999) . As evident in Fig. 3 , the slope of the disc profile (dotted line) becomes significantly smaller. Fig. 4 (black solid curves) indicates the time evolution of the central surface density (m 0 ), scalelength (h) and mass (M disc ) of the disc component obtained by decomposition. It is seen that the decrease in the central surface density after the bar emergence amounts to about 1.5 mag, while the scalelength becomes almost doubled (increases by 70 per cent). The change in disc mass is much smaller, less than 0.5 mag, despite considerable changes in m 0 and h, because these two quantities cooperate to cancel each other's effect. Comparison of Fig. 4 with Fig. 2 shows that this change of profile is associated with the formation of a bar and resulting morphological distortion. A close examination of the morphological evolution shows that the bar induces a two-armed spiral structure, and clears a significant fraction of particles from the regions behind the arms, namely the regions along the minor axis of the bar. Emergence of these low-density regions is clearly responsible for the flattening of the azimuthally-averaged disc profile.
Other calculated models demonstrate the parameter dependencies as follows. Necessity of a bar in creating LSB state is demonstrated by Models B and B 0 (dotted lines in Fig. 4) , in which no bar forms owing to insufficient mass in the disc component and the disc surface density changes little during the whole simulated period. Absence of a bulge component helps a bar to grow. In Models C and C 0 , the bulge in Models B and B 0 has been replaced by a less concentrated halo. A clear bar develops in this model. The decrease in the central surface density and the increase in the disc scalelength are comparable to those in Models A and A 0 (dashed lines in Fig. 4 ).
Mass redistribution caused by a bar in an otherwise normal disc galaxy seems to provide an attractive mechanism for forming giant LSB galaxies. The decrease in the disc central surface brightness of ,1.5 magnitude observed in the bar-unstable models is in a quantitative agreement with the difference observed in the HSB and LSB samples studied by Beijersbergen et al. (1999) . , scalelength (h), and total mass (M disc ) of the decomposed disc. Time, t, is given in units of the dynamical time. Here m 0 ¼ log 2:512 S disc ð0Þ, where S disc (r) is the disc surface density at r. M disc ð;S disc ð0Þh 2 Þ is also given in units of magnitude, i.e., the logarithmic scale with the basis of 2.512. The zero-points for m 0 and M disc are taken to be their initial values, whereas h is given in linear scale, normalized by its initial value. Black solid, dotted and dashed curves are for Models A, B and C respectively, whereas red solid, dotted and dashed curves indicate Models A 0 , B 0 , and C 0 respectively. The comparison of corresponding models in the two model groups (e.g., Models A and A 0 ) indicates that the numerical results are not seriously affected by the particular choices of the TREE code opening angle and the integration timestep. Figure 5 . The distribution of the disc central surface brightness (m 0,B ) and disc scalelength (h) in the B-band for high surface brightness galaxies (open triangles) and low surface brightness ones. All data are taken from Beijersbergen et al. (1999) . Open circles ¼ disc-dominated LSBs. Stars ¼ giant LSB galaxies by Sprayberry et al. (1995) (most of which are bulgedominated). Filled circles ¼ bulge-dominated LSB galaxies. Filled triangles ¼ LSB galaxies classified as Sd in Beijersbergen et al. (1999) . The arrow indicate 1.5 mag decrease in the central surface brightness and a factor of 2 increase in the scalelength, predicted by the numerical simulation. The dotted line indicates the relation of m 0,B and h for a constant disc luminosity. ordinary (i.e., disc-dominated) LSBs (open circles) in this plane. Although both LSB groups have similar m 0,B , the giant LSB galaxies have systematically larger disc scalelengths by definition. Similarity in the scalelength between disc-dominated LSB galaxies and HSB galaxies (triangles) conforms to the fact that the former can be regarded as a continuous extension of the HSB Hubble sequence toward even later types. The arrow in Fig. 5 indicates the typical changes in the disc parameters obtained in the present numerical simulations: namely, the decrease in m 0 by 1.5 mag (Note that a decrease in the surface density corresponds to an increase of m 0,B ) and the increase of h by a factor of 2. It is clear that the expected changes in disc parameters move a normal HSB galaxy with m 0;B , 21:65 mag arcsec 22 (Freeman 1970 ) and h , 4 kpc to the midst of the domain occupied by giant LSB galaxies. The bulge-dominated LSB galaxies have a median B-band surface brightness of m 0;B , 23:04 mag arcsec 22 and a median scalelength of h , 12:6 kpc (Beijersbergen et al. 1999) . Fig. 5 indicates also that, though the disc-dominated LSBs are significantly less luminous than the discs of HSB galaxies, the GLSBs have a similar disc luminosity to the HSB galaxies on the average, in agreement with the simulation result.
The result for Models A and A 0 is especially important. It suggests that an HSB spiral having a moderate bulge component can be transformed into a GLSB having a bulge. The present scenario is thus able to explain the most enigmatic subclass of GSLBs.
D I S C U S S I O N
The observed morphology of giant LSBs is also indicative of the action of large-scale dynamical disturbance. The majority of 21 bulge-dominated LSBs studied by Beijersbergen et al. (1999) have distinct grand-design spiral arms, often with a bar in the centre. Presence of a bar is quite natural in the present scenario. It is also well known that large-scale bars are efficient in exciting granddesign spiral arms. The absence of such spiral arms in Fig. 2 is considered to be due to the lack of the interstellar gas in the present models. There are six exceptions (4990110, 4220090, 590090, 1590200, 4400490, 0050050) to this morphological trend, but these are all classified as Sd. Indeed they (filled triangles in Fig. 5) have similar m 0,B and h to the disc-dominated LSBs (open circles), justifying their classification as Sd. The coherent spiral structure in the bulge-dominated LSB galaxies is highly contrasted with the amorphous appearance of these Sd and other ordinary LSB galaxies. Existence of such large-scale density disturbance would be difficult to explain if the mass fraction of the luminous matter in these galaxies is as small as those in the disc-dominated LSBs. The latter have the dark-to-luminous mass ratio of ,5 on the average (de Blok & McGaugh 1997) , suggesting M d , 0:2. The suggested light discs are dynamically stable to large-scale non-axisymmetric structures and able to induce only perturbations with small wavelengths (Sellwood & Carlberg 1984) . Remarkable spiral arms and bars in the bulge-dominated LSB are naturally explained if these galaxies have a sufficiently massive disc component (the mass fraction ., 0:5Þ like most HSB galaxies (Persic & Salucci 1988) .
Nuclear activity in LSB galaxies is drawing considerable attention recently. A statistical study by Schombert (1998) indicates that the early-type (from Sa to Sbc) giant LSB galaxies have a similar incidence (46 per cent) of AGN activity to the early-type HSB galaxies, whereas the AGN incidence in the latetype GLSBs (50 per cent) is much higher than 17 per cent in the late-type HSB galaxies. This curious result has led Schombert (1998) to argue that the AGN mechanism is decoupled from the global disc properties of a galaxy and is probably related to the existence of a bulge and associated steep gravitational well. The present study provides a different interpretation. Here we can infer that a late-type GLSB is made from a gas-rich late-type HSB galaxy through the radial transport of disc material by a bar. In this process, ample interstellar gas is sent to the nuclear region, inducing AGN activity. In other words, the LSB nature of the disc and a high incidence of AGN in late-type giant LSB galaxies are both the product of bar-induced mass redistribution. The practically identical AGN incidence in the early-type LSB and HSB samples may result because (1) early-type HSB galaxies have their nucleus already activated and later gas infall by a bar does not appreciably alter the nucleus property and/or (2) the bar-induced gas flow in early-type HSB galaxies is too weak to trigger detectable activity owing to the relatively low gas density in their initial disc.
The present study suggests a possibility that the bar-induced mass redistribution affects the dominance of the bulge component. The gas inflow (though not included in the present models) may partly contribute to the bulge component (Pfenniger 1998) . The associated growth of the central compact mass component may turn the bar into a bulge (Norman et al. 1996) . This may explain the absence of a bar in some bulge-dominated LSB galaxies. In this case, the inflow should occur in sufficiently early epochs to be compatible with the observation that the bulges of the galaxies in Beijersbergen et al. (1999) have a similar colour and metallicity to the bulges in HSB galaxies, suggesting that the bulges are old. Further observation is highly desired on the kinematics and structure of the inner parts of the GSLBs.
Environmental characteristic of the GLSBs also appears to support the present idea that the precursors of GLSBs are ordinary HSB galaxies. A statistical investigation by Sprayberry et al. (1995) demonstrates that GLSBs reside in a similar environment to HSB galaxies in terms of both the distance to the nearest neighbour galaxy and the local galaxy number density unlike the discdominated LSB galaxies located preferentially in the regions of a low galaxy number density. The observed gas content for a small sample of GLSBs also suggests that their precursors are HSBs. Although GLSBs are generally gas-rich, most of them are not extraordinarily so (Sprayberry et al. 1995) .
One important question remains. Given that bar formation turns a HSB spiral into a giant LSB galaxy, how can we explain the existence of a large number of HSB spirals, especially with a bar? Although it is impossible to answer this question in a convincing way at present, several possibilities exist. Non-barred HSB galaxies may have never suffered from bar instability because their disc mass fraction is below the threshold for bar instability. It is important here to note that the Ostriker -Peebles' (1973) criterion for bar instability involves only the mass fraction of the disc, not its surface density. Namely, a high surface density (and hence a high surface brightness) does not necessarily mean a massive unstable disc. It may alternatively be argued that HSB barred galaxies are actually in their LSB state, but still have a high central surface brightness because their precursors had their m 0 at the high end of the total initial HSB population. These hypotheses deserve further exploration in the future.
SUMMARY
Recent finding of a number of giant low surface brightness galaxies often possessing a large bulge offers a challenge to galaxy formation and evolution theory. The enigmatic combination of a significant bulge component and a low surface brightness disc makes these galaxies an outsider of the conventional Hubble scheme. The present numerical study proposes that these large but diffuse galaxies are the product of large-scale radial redistribution of disc matter which have taken place in an ordinary high surface brightness galaxy, most plausibly by spontaneous bar formation. The numerical simulations indicate that the radial mixing of disc matter by the bar gravitational field makes the disc surface density profile flatter, leading to a decrease in the disc central surface density by ,1.5 magnitude and an increase in the disc scalelength by a factor of ,2. These changes are strong enough to transform the original HSB galaxy into a typical giant LSB galaxy and take place even if a moderate bulge component exists. This bar-induced process is thus able to turn a high surface brightness galaxy originally endowed with a bulge into a GSLB galaxy hosting a bulge. The present study suggests that the giant LSB galaxies constitute a separate family from the usual disc-dominated LSB galaxies from both evolutionary and structural viewpoints.
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